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ABSTRACT
Chicago Area Waterway System (CAWS) is a complex hydraulic system in
Great Chicago Area, and it is also the linkage connecting Lake Michigan
to the Mississippi Watershed. As is well-known, the Chicago River Diver-
sion changed the flow direction westward to the Illinois River to prevent the
pollution of Lake Michigan: the main source of fresh water. However, the
controlling works in the lake front will be opened to reverse the flow di-
rection toward Lake Michigan to prevent downtown Chicago from flooding
during extreme storm event. Consequently, the operation of gates and water
level difference between lake and channel would determine the flow direction
and influence navigation in the CAWS. Bubbly Creek is an old tributary
of the South Branch of the Chicago River, and is one of the main sedi-
ment sources in CAWS which can result in abundant organic material and
waste along benthic sediments. Depending on its magnitude, the discharge
of combined sewer overflow (CSO) from the Racine Avenue Pumping Station
(RAPS) can resuspend the sediment from the bed of Bubbly Creek and cause
high sediment concentration in the channel during storms. In addition, the
sediment transport from Bubbly Creek is sensitive to flow direction in the
South Branch of the Chicago River. Therefore, sediment from Bubbly Creek
could potentially flow north towards the Chicago River and cause ecologi-
cal concerns and beach closings along the shoreline of Lake Michigan during
flow reversal events. In this study, a three-dimensional hydrodynamics and
sediment transport model based on Environmental Fluid Dynamics Code
(EFDC) is applied to simulate two storm events with and without gate op-
eration, respectively. This model is also capable of simulating discharge and
gate operation at the lake front, where the Chicago River Control Structures
(CRCS) are located. With the help of measured data, the hydrodynam-
ics model was validated and can be used to analyze the impact of CSO on
sediment transport with different flow directions in CAWS.
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1.1 Chicago Area Waterway System and Bubbly Creek
Chicago Area Waterway System (CAWS) provides the main conveyance in
the Chicago area, and it is also one of the most important waterways in
United State that flows through the third biggest city, Chicago, in U.S. and
links Lake Michigan to the Mississippi Watershed. The complex hydraulic
system contains natural and artificial channels, controlling works and locks,
and several pumping stations and water reclamation plants. The general defi-
nition of CAWS (Figure 1.1) includes: Chicago River, North Branch Chicago
River, South Branch Chicago River, North Shore Channel, Chicago Sanitary
and Ship Canal, and Calumet-Sag Channel. Before the Chicago River Diver-
sion in the beginning of the 19th century, the water in Chicago River flowed
into Lake Michigan and induced serious water pollution and public health
issues in Chicago. After the Chicago River Diversion, the water in Chicago
River changed the flow direction westward to Mississippi Watershed, and
several gates were set at the lake front, such as Chicago River Controlling
Works (CRCW) and Wilmette Pumping Station (WPS), to control the flow
direction whether to Mississippi Watershed or towards Lake Michigan.
Nowadays, the operation of gates in the lake front and the water level in
the lake play important roles on the flow direction in CAWS. Under normal
conditions (dry weather flow), the gates at the lake front are closed, and the
flow direction is toward Mississippi Watershed. However, the gates will be
opened to prevent the watershed of Mississippi River and downtown Chicago
from flooding, when there is an extreme storm event in Great Chicago Area.
During the extreme storm, the flow would change the direction toward Lake
Michigan, if the gates are opened and the water level in Lake Michigan is
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lower than CAWS. Since 19th century, there have been approximately 20
records of historical backflow at CRCW and WPS during storm event. (The
GLMRIS Report, 2014)[1] Consequently, the gate operation determines the
flow direction in CAWS, and the flow direction not only influences the water
level and flooding in Chicago but also generates some ecological issues such
as the flow of contaminants and migration of invasive species from Mississippi
Watershed into Lake Michigan.
In the South Branch Chicago River, Bubbly Creek, is a significant tribu-
tary to the water system in CAWS, during important rainfall events, with an
approximate length of 2,000 m, an average width of 44 m, and average depth
of 2.2 m. From 1865 to 1939, Bubbly Creek was used as a drainage ditch
for industrial waste. Nowadays, the water quality of Bubbly Creek has im-
proved, and Bubbly Creek has become a recreational channel in the south of
downtown Chicago. In the dry season, the water in Bubbly Creek is stagnant
due to no flow discharge in the channel. When a heavy storm comes, the
combined sewer overflow (CSO) is discharged into the channel from Racine
Avenue Pumping Station (RAPS) and other outfalls along the channel, and
the CSO in Bubbly Creek flows first into the South Branch of the Chicago
River (SBCR) and then into the Chicago Sanitary and Ship Canal (CSSC).
Due to the operation of the gates, the flow from Bubbly Creek is sensitive to
the flow direction in the SBCR. Zhu et al (2017)[2] stated that the flow direc-
tion is related to the operation of gates and difference of water level between
Lake Michigan and the Chicago River. In their simulation during September
2008, it was a 48-hr storm with 100-yr return period in Great Chicago Area,
and the water level in Lake Michigan was lower than the average at that
time, so large amount of water from Bubbly Creek flowed into Lake Michi-
gan when CRCW was open. Either the flow direction is toward Mississippi
Watershed or Lake Michigan, the CSO with high content of sewage and re-
suspended sediment with abundant organic matter from benthic sediments
in Bubbly Creek will have different influence on the water system based on
the discharge from Bubbly Creek and flow direction in the CAWS.
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1.2 Combined Sewer Overflow in CAWS
Combined Sewer Overflow (CSO) is one of the main sources for water pollu-
tion in a water body, and it influences human health and also the ecology in
water systems. During storm events, CSO can take place and influence the
water quality in urban areas. In Great Chicago Area, Tunnel and Reservoir
Plan (TARP), known as Chicago Deep Tunnel, has been built since 1970s for
decreasing CSO discharge during storm. The tunnels and Thornton Reser-
voir were completed in 2006 and 2015, respectively, and McCook Reservoir
is expected to be completed in 2029. The completion of TARP has helped
in the reduction of CSOs in CAWS during storms. Under the operation of
TARP, the sewage would be drained into the deep tunnel and reservoir for
temporary storage before it is pumped and treated by water reclamation
plant. However, the tunnels will be closed and CSO will be released into the
system, when the tunnels and reservoirs are almost full during extreme storm
events. Therefore, a considerable amount of CSO can still be discharged into
CAWS from CSO outfalls along the channel during extreme storm events.
In CAWS (Figure 1.1), there are three water reclamation plants includ-
ing Lemont Water Reclamation Plant, O’Brien Water Reclamation Plant
and the Stickney Water Reclamation Plant, two pumping stations includ-
ing North Branch pumping station (NBPS) and Racine Avenue pumping
station (RAPS), and hundreds of CSO outfalls along the channel. Under
normal conditions, the pumping stations pump the sewage from tunnels to
water reclamation plants for water treatment. However, the pumping sta-
tions start to pump the sewage into the river to prevent the tunnels and
reservoirs from filling up during a storm. In CAWS, Racine Avenue Pump-
ing Station (RAPS) in the upstream of Bubbly Creek is the most prominent
CSO discharge site, and large amount of sewage and suspended sediment in
CSO from RAPS during storm event influence the water quality and sediment
transport in CAWS significantly. Besides, the discharge of CSO released from
CSO outfalls along the channel also influences the system in some degree dur-
ing the extreme storms. Consequently, this study focuses on the influence of
CSO discharge from RAPS for both hydrodynamics and sediment transport
during storm event (CSO from RAPS only) and extreme storm event (CSO
from both RAPS and outfalls).
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To estimate the CSO discharge in CAWS, it is difficult to measure the dis-
charge of CSO by field studies. Instead, the numerical hydrological model,
CS-TARP, developed by the University of Illinois at Champaign-Urbana is
applied to simulate the CSO discharge during different storm events. The de-
tailed description of CS-TARP can be referenced to Luo et al (2014)[3]. With
the result of simulation in CS-TARP, the CSO discharge output from CS-
TARP can become the input boundary condition for hydrodynamics simula-
tion. In addition, Alp an Melching (2006)[4] and Neugebauer and Melching
(2005)[5] proposed the relationships of sediment concentration and biochem-
ical oxygen demand (BOD) concentration with CSO volume from RAPS
by regression respectively, and these formulations can become the bound-
ary conditions at RAPS for sediment transport and water quality modeling
as well. In this study, the three-dimensional Environmental Fluid Dynamic
Code (EFDC) with hydrodynamics coupled sediment transport model devel-
oped by Hamrick (1992)[6] is applied to simulate the flow direction in South
Branch Chicago River and the influence of CSO from Bubbly Creek under
the condition of flow reversal in CAWS. With the simulated and measured
CSO discharge as the boundary conditions, the influence of CSO in hydrody-
namics and sediment transport with and without flow reversal in the system
can be analyzed and studied further.
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Figure 1.1: The full domain of Chicago Area Waterways System
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1.3 Current Issue: Suspended Sediment and Sediment
Resuspension in Bubbly Creek
Bubbly Creek is one of the main sediment sources in CAWS, and the ben-
thic sediment in Bubbly Creek contains high amount of organic muck and
industiral waste. Due to the suspended sediment in CSO from RAPS and
the sediment resuspension from the bed of Bubbly Creek, Bubbly Creek
becomes one of the major sediment suppliers to the CAWS during storm
events. During a large storm event, RAPS would pump the CSO from inter-
ceptors into Bubbly Creek, and the suspended sediment in the CSO would
be discharged from RAPS to the system through Bubbly Creek. As the
research done by Alp an Melching (2006)[4] was shown, the relationship be-
tween suspended sediment concentration and the total volume of CSO from
RAPS by regression of historical data was proposed for helping in the study
of CSO influence on sediment transport in Bubbly Creek. In addition to
the suspended sediment in CSO, the discharge of CSO could scour the bed
and resuspend the sediment into the water column from the bed of Bubbly
Creek. In research by Motta et al (2010)[7], they used the two-dimensional
model, STREMR-HySedWq, to simulate the sediment transport and water
quality modeling in Bubbly Creek in the month of September, 2006. Their
results showed that the sediment resuspension from the bed of Bubbly Creek
is more obvious compared with the suspended sediment in the CSO from
RAPS. Therefore, the influence of CSO from RAPS on sediment transport is
important to CAWS because it would not only change the bed morphology
in Bubbly Creek, but also it could affect the water quality in the system.
The influence of sediment from Bubbly Creek on the system depends on the
flow discharge from RAPS and the flow direction in CAWS. When RAPS
pumps CSO into the channel, the discharge from RAPS would determine
the sediment resuspension from the bed and the sediment concentration in
the system. Furthermore, the suspended sediment transport from Bubbly
Creek to Chicago Sanitary and Ship Canal would be sensitive to the flow
direction in the system. When reverse flow takes place during extreme storm
event in CAWS, the sediment from Bubbly Creek could possibly be trans-
ported backward to Lake Michigan and generate some environmental issues.
Consequently, the discharge from RAPS and the flow direction in CAWS
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are two important factors to the sediment transport from Bubbly Creek to
the system. In this study, the influence of gate operation on the hydrody-
namics and sediment transport in CAWS is simulated to analyze the flow
direction and sediment transport from Bubbly Creek. Either the flow di-
rection is towards the Mississippi Watershed or towards Lake Michigan, and
two events in September 2006 and September 2008 are selected to represent
the conditions of a normal storm event and extreme storm event, respectively.
In this study, the simulated domain is from Grand Avenue USGS station to
Stickney USGS station including Bubbly Creek and CRCW as Figure 1.2
shows. In this domain, the measured data from U.S. Geological Survey
(USGS) and Metropolitan Water Reclamation District of Greater Chicago
(MWRDGC) can be used to validate the hydrodynamics simulation. How-
ever, there is no measured data for sediment and only limited research indi-
cated the sediment transport in this study domain. Therefore, the validated
hydrodynamics simulation would be used to predict the sediment transport
in the system during storm and extreme storm events. In this study, two
events are simulated including the storm in September 2006 and extreme
storm in September 2008. There was no gate operation and recorded re-
versed flow during the storm in September 2006, and it only had the CSO
discharge from RAPS without CSO outfalls in the system. The extreme
storm in September 2008 was a 100-yr storm in a duration of 48 hours. In
the period of September 2008, the gates at CRCW were opened and a large
amount of water flowed backward to Lake Michigan as shown in the histor-
ical record. Moreover, there were both the CSO discharge from RAPS and
CSO outfalls along the channel during the extreme storm. Therefore, the
simulation of two events in September 2006 and September 2008 would be a
good indicator to analyze the influence of the flow direction in CAWS on the
sediment transport from Bubbly Creek.
In this thesis, Chapter 2 elaborates the theory of hydrodynamics and sedi-
ment transport in Environmental Fluid Dynamics Code (EFDC), boundary
conditions, initial conditions, and numerical setup of the simulation. The re-
sults of hydrodynamics and sediment transport simulation during two storm
events are presented in Chapter 3 and Chapter 4, respectively. Finally, the
discussions and conclusions of this study with hydrodynamics and sediment
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transport simulation in CAWS by EFDC are summarized in Chapter 5 and
Chapter 6.




2.1 Introduction of EFDC Model
The Environmental Fluid Dynamics Code (EFDC) is a three-dimensional
open-source code for surface water modeling, and it was originally developed
at Virginia Institute of Marine Science (VIMS) and School of Marine Science
of The College of William and Mary by Dr. John M. Hamrick in 1988. EFDC
implements hydrodynamics, sediment and contaminant transport, and wa-
ter quality modeling in the source code. Besides, EFDC is approved by the
Environmental Protection Agency (EPA) for multifunctional surface water
modeling system. With ongoing evolution of EFDC model, it becomes one of
the most popular hydrodynamics model in academia and government agen-
cies with diverse applications. I-EFDC is one of the versions of EFDC model
developed by researchers at the Ven Te Chow Hydrosystems Laboratory, Uni-
versity of Illinois at Urbana-Champaign (Sinha et al. 2012[8]; Sinha et al.
2013[9]; Zhu et al. 2016[10]; Zhu et al. 2018[11]). It is an extendedd ver-
sion with parallel computation and updated equations for hydraulic control
based on original EFDC code developed by Hamrick (1992)[6]. In this study,
the hydrodynamics and sediment transport model in I-EFDC are applied to
investigate the flow direction and sediment transport in Bubbly Creek and
Chicago Area Waterway System (CAWS).
2.2 Hydrodynamics Simulation
The hydrodynamics component of EFDC solves the three-dimensional, vertically-
hydrostatic, free surface turbulent-averaged shallow water equations and the
continuity equation for turbulent flow. The coordinate system of EFDC is
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curvilinear-orthogonal horizontal coordinates and sigma stretched vertical
coordinate. For the computational procedure used in EFDC hydrodynam-
ics model, reference is made to Hamrick (1992)[6] and Hamrick and Wu
(1997)[12] for details.
2.2.1 Hydrodynamics Equation
The horizontal momentum equations of EFDC can be expressed as follows:
∂t (mxmyHu) + ∂x (myHuu) + ∂y (mxHvu) + ∂z (mxmywu)


























∂t (mxmyHv) + ∂x (myHuv) + ∂y (mxHvv) + ∂z (mxmywv)


























mxmyfe = mxmyf − u∂ymx + v∂xmy (2.3)
(τxz, τyz) = AvH
−1∂z (u, v) (2.4)
∂zp = −gHb = −gH (ρ− ρo) ρ−1o (2.5)
where
u,v = the horizontal velocity components in the dimensionless curvilinear-
orthogonal horizontal coordinates x and y
w = the vertical velocity in the stretched vertical coordinate z
mx, my = the scale factors of the horizontal coordinates
H = the total water column depth
φ = the free surface potential, which is equal to gz∗s
z∗s , z
∗
b = the physical vertical coordinates of the free surface and bottom bed
fe = the effective Coriolis acceleration, which incorporates the curvature ac-
celeration terms with the Coriolis parameter (f) in Eq(2.3)
AH = the horizontal turbulent viscosity
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Av = the vertical turbulent viscosity, which is related to the shear stresses
in Eq(2.4)
patm = the kinematic atmospheric pressure, which is referenced to water den-
sity
p = the excess hydrostatic pressure in water column according to Eq(2.5) ρ,
ρo = the actual and reference water densities
b = the buoyancy
cp = the resistance coefficient
Dp = the dimensionless projected vegetation area normal to the flow per unit
horizontal area
The momentum equations of EFDC hydrodynamics model are the shallow
water equations composed by the local acceleration term, advection terms in
three dimensions, curvature acceleration term, pressure term, viscosity terms
in three dimensions, and the drag term. In the pressure term, the hydrostatic
approximation is adopted according to Eq(2.5). This approximation is ap-
propriated when the horizontal scale is much larger than the vertical scale,
and is valid for the case of Chicago Area Waterway System. In the horizon-
tal viscosity terms in Eq(2.1) and Eq(2.2), the horizontal turbulent viscosity
(AH) is determined by using Smagorinsky’s (1963)[13] subgrid scale closure
formulation, and the horizontal viscosity terms are retained when the advec-
tive acceleration, ∂x (u, v) and ∂y (u, v), are calculated by central differences.
In the vertical turbulent viscosity term in Eq(2.1) and Eq(2.2), the verti-
cal turbulent viscosity (Av) is calculated by the second moment turbulence
closure model developed by Mellor and Yamada (1982)[14] and modified by
Galperin et al (1988)[15]. The turbulence models for both the horizontal and
vertical turbulent viscosity will be specified in the following section.
The three-dimensional continuity equation in curvilinear-orthogonal horizon-
tal and stretched vertical coordinates can be presented as follows:
∂t (mxmyH) + ∂x (myHu) + ∂y (mxHv) + ∂z (mxmyw)
= QH + δ (0) (Qss +Qsw)
(2.6)
where
QH = volume sources and sinks
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Qss,Qsw = net volumetric fluxes of sediment and water between the bed and
water column, which is positive from the bed to the water column
δ (0) = the delta function, which indicates the fluxes enter to the bottom
layer of the water column
Integrate the continuity equation in water column Eq(2.6) and couple the
water column continuity equation to a bulk volume conservation equation
for the sediment bed, and the continuity equation for both the water column
and the sediment bed can be expressed as follows:
∂t (mxmyζ) + ∂x (myHū) + ∂y (mxHv̄) = Q̄H +QGW (2.7)
where
ζ = the water surface elevation, which is defined by the sum of the depth of
water column and the bed surface elevation (ζ = z∗s = H + η)
QGW = the volumetric ambient groundwater inflow at the bottom of the
sediment bed.
In EFDC hydrodynamics model, the continuity equation in Eq(2.7) is solved
by a semi-implicit, two-step procedure. The first step solves the water col-
umn continuity equation for the intermediate time level (n + 1/2) by the
standard implicit external mode. Then, the second step uses the result of
the intermediate time level (n+ 1/2) to solve the bed volumetric continuity
equation explicitly to iterate to the time level (n+ 1).
2.2.2 Turbulence Model
For the turbulence model in hydrodynamics component, the horizontal tur-
bulent viscosity (AH) is computed by subgrid scale closure formulation, which
is developed by Smagorinsky (1963)[13], and the vertical turbulent viscosity
(Av) is calculated by the second moment turbulence closure model developed
by Mellor and Yamada (1982)[14] and modified by Galperin et al. (1988)[15]
and Blumberg et al. (1988)[16].
The subgrid scale closure formulation by Smagorinsky[13] for horizontal tur-

























AHD = dimensionless horizontal momentum diffusivity, which is assumed to
be 0.5 in this study
∆x,∆y = the grid size in horizontal coordinates
In the model of Mellor and Yamada[14], the vertical turbulent viscosity (Av)
is related to the turbulent intensity (q) and the turbulent length scale (l),






























− 3C1 (B2 + 6A1)(
1− 3C1 − 6A1B1
)
R−12 = 9A1A2


















where Kv is the vertical turbulent diffusivity, φA and φK are the stability
functions, and the constants A1, B1, C1, A2, and B2 are specified as 0.92,
16.6, 0.08, 0.74, and 10.1 by Mellor and Yamada (1982)[14].
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In Eq(2.9) and Eq(2.10), the turbulent intensity (q) and the turbulent length
scale (l) in the second moment turbulence closure model are determined by

































































































κ = the von Karman constant
Aq = the vertical diffusivity, which is set to 0.2ql by Mellor and Yamada
(1982)[14]
ηp = the production efficiency factor, which indicates the net turbulent en-
ergy production by vegetation drag, and the value of ηp is less than one
Qq,Ql = additional sink-source terms
(E1, E2, E3, E4, E5) = the constants specified as (1.8,1.0,1.8,1.33,0.25)
The vertical boundary conditions of the turbulent intensity (q) and the tur-









1 |τb| : z = 0
l = 0 : z = 0, 1
(2.14)
According to Eq(2.14), z is the dimensionless vertical coordinate, and it can
be represented as z = z
∗
H
, in which z∗ is the physical vertical coordinate and H
is total water column depth. Therefore, the condition of z = 1 in Eq(2.14) is
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the vertical boundary condition at the free surface with magnitude of shear
stress at free surface (|τs|), and the condition of z = 0 in Eq(2.14) is the
vertical boundary condition at the bed with magnitude of shear stress at the
bed (|τb|).
Refer to Eq(2.4), the shear stresses at the free surface are specified by the
wind shear at water surface, and the shear stresses at the bed are specified
by near bed layer quadratic resistance formulation. The shear stresses at the
free surface and the bed can be presented in x and y components as follows:












Uw,Vw = the wind velocity at 10 meters above the water surface
ul,vl = the near bed layer velocity
cs = the wind stress coefficient, with ρa and ρw denoting the densities of air












cb = the bottom stress coefficient using the logarithmic profile for near bed
layer velocity, with ∆l and zo denoting the dimensionless thickness and di-










According to the hydrodynamics simulation of Chicago Area Waterway Sys-
tem (CAWS) in EFDC model, the time series of discharge, stage, and hy-
draulic operation data from U.S Geological Survey (USGS) and Metropolitan
Water Reclamation District of Greater Chicago (MWRDGC) can be imple-
mented as the boundary conditions of the model. Moreover, the inflow of
combined sewer overflows (CSOs) simulated by Urban Hydrological and Hy-
draulical Model for the Chicago Metropolitan Area developed by University
15
of Illinois (CS-TARP)[3] was implemented into the model to provide source
terms resulting from runoff and CSOs.
As Figure 2.1 shows, the boundary conditions in study domain include the
discharge data at Grand Avenue and Racine Avenue Pumping Station (RAPS),
the stage data at Stickney, and the hydraulic operation of Chicago River Con-
trolling Works (CRCW) at lake front. In addition to boundary conditions,
there are 42 time series of simulated CSOs inflow along the channel during
extreme storm in September 2008 in the study domain. The data sources
and descriptions of boundary conditions and CSOs for two events are listed
in Table 2.1 and Table 2.2.
Refer to Table 2.1 and Table 2.2, the data from Racine Avenue Pumping
Station (RAPS) are the total volume in specific time period, so the discharge
of RAPS is the averaged discharge in that time period. Besides, the hy-
draulic operation at CRCW in September 2008 is calculated by the rating
curve, which is specified in the following section, and the time series of gate
operation.
Table 2.1: The description of boundary conditions in September 2006
Boundary Condition Description Temporal Scale Data Source
Upstream inflow (Grand Avenue) discharge 1 Day USGS
Pumping Station (RAPS) discharge Averaged MWRDGC
Downstream stage (Stickney) gage height 1 Day USGS
Table 2.2: The description of boundary conditions in September 2008
Boundary Condition Description Temporal Scale Data Source
Upstream inflow (Grand Avenue) discharge 5 Min MWRDGC
Pumping Station (RAPS) discharge Averaged MWRDGC
Lake Front (CRCW) rating curve Varied MWRDGC
Downstream stage (Stickney) gage height 5 Min USGS
CSOs inflow discharge 5 Min CS-TARP
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Figure 2.1: The boundary conditions in study domain
2.2.4 Hydraulic Operation
The hydraulic operation of Chicago River Controlling Works (CRCW) is
composed by nine gates in total, including four North Gates (NG), three
South Gates (SG), and the Chicago Lock. The location of each gate in the
study domain is shown in Figure 2.2. In this model, the time series of the
boundary condition at CRCW is in the format of discharge, and it is deter-
mined by the rating curve with temporal gate height and water level data in
both Lake Michigan and Chicago River.





Q = the flow discharge through the gate
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Cb = the calibrated coefficient specified for each gate, and it is listed in
Table 2.3
B = the width of the gate
H = the height of gate opening
∆H = the difference between the water level in Chicago River and Lake
Michigan
Figure 2.2: The location of gates and navigation lock at CRCW
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According to the formulation of rating curve in Eq(2.18), which can be
found in the paper by Kim et al. (2014)[17] and Quijano et al. (2016)[18],
the time series of CRCW discharge can be calculated by the time series of
gate height and the water stage in Lake Michigan.
2.3 Sediment Transport Simulation
EFDC sediment transport model calculates three main components, includ-
ing suspended sediment transport, bed load transport, and bed morphology.
For the noncohesive sediment grain size larger than 130 µm, the settling
velocity of sediment is larger than the critical shear velocity. Under this sit-
uation, the sediment at the bed will be eroded from bed and transported as
bed load, and the sediment in the water column will be deposited into the
bed, when the bed shear velocity is larger than the critical shear velocity but
less than the settling velocity. When the bed shear velocity is larger than
both critical shear velocity and settling velocity, the sediment will be resus-
pended into the water column and become suspended load. On the other
hand, for the noncohesive sediment grain size finer than 130 µm, the settling
velocity is less than the critical shear velocity. In this case, the sediment will
be transported as the suspended load entirely, when the bed shear velocity
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is larger than the critical shear velocity.
In EFDC sediment transport model, the suspended sediment transport is
solved by the transport equation, and the detailed procedure of the scheme
is described by Hamrick (1992)[6] and in the book volume from Tetra Tech,
Inc.[19]. Bed load transport is calculated by the Einstein number and differ-
ent bed load formulations (Garcia (2006), Sedimentation Engineering [20]).
Bed morphology is determined by the mass conservation of bed sediment
considering sediment mass flux, armoring, and consolidation. Besides, EFDC
sediment transport model not only provides the simulation with both non-
cohesive and cohesive sediment, but also it can be applied to sediment with
multiple size classes and multiple bottom sediment layers. In the study of
Bubbly Creek, it only simulates the noncohesive sediment transport with
uniform sediment size class in one single sediment layer.
2.3.1 Suspended Sediment Transport
The suspended sediment transport follows the solution of the transport equa-
tion as follows, but the horizontal diffusion terms are omitted due to the small
inherent numerical diffusion in suspended sediment transport simulation.
∂t (mxmyHSj) + ∂x (myHuSj) + ∂y (mxHvSj)












Sj = the concentration of the jth sediment class
wsj = the settling velocity of the jth sediment class
Kv = the vertical turbulent diffusion coefficient, which can be referenced to
the turbulence model in Eq(2.10)
QEsj,Q
I
sj = the sink-source term for the external and reactive internal part
For noncohesive sediment, at low sediment concentration (Sj less than 25,000
mg/L), the settling velocity, wsj, is corresponding to the discrete particle set-
tling velocity, wsoj. According to van Rijn (1984b)[21], the discrete particle
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1 + 0.01R2dj − 1
)
: 100µm < dj ≤ 1000µm
1.1 : dj > 1000µm
(2.20)
where
dj = the particle diameter of the jth sediment class






, which ρsj and ρw
are the densities of the jth sediment class and water






is the kinematic molecular viscosity of water
At high sediment concentration (Sj higher than 25,000 mg/L), the settling
velocity is less than the discrete velocity due to the hindering settling condi-










where the values of n are ranging from 2 to 4.
The vertical boundary conditions for Eq(2.19) are presented as follows:
− Kv
H
∂zSj − wsjSj = Jjo : z ≈ 0
− Kv
H
∂zSj − wsjSj = 0 : z = 1
(2.22)
where Jjo is the net water column-bed exchange flux defined as positive into
the water column.
Refer to Eq(2.22) at the near bed, for the equilibrium condition, the bound-
ary condition can be expressed as:
S = Seq Jo = 0 : z = zeq (2.23)
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where Seq is the near bed equilibrium sediment concentration.
For the nonequilibrium condition, the net flux can be expressed as (Ham-
rick, 1992[6]):
S = Sne
Jo = ws (Seq − Sne)
(2.24)
where Sne is the actual concentration at the reference equilibrium level.
When Sne is less than Seq, the flux Jo is positive, the sediment at the bed will
be entrained to the water column. Likewise, when Sne is larger than Seq, the
flux Jo becomes negative, the sediment in water column will be deposited to
the bed.
The near bed equilibrium sediment concentration Seq is evaluated by seven
relationships in terms of hydrodynamics and sediment parameters by Garcia
and Parker (1991)[22] as:
Seq = Seq (d, ρs, ρw, ws, u
∗, ν) (2.25)
where d is the sediment particle diameter, ρs and ρw are the densities of
sediment and water, ws is the sediment settling velocity, u
∗ is the bed shear
velocity, and ν is the kinematic molecular viscosity of water.
In this study, the formulation for the equilibrium concentration proposed
by Smith and McLean (1977)[23] is applied, and the equilibrium sediment






γo = a constant equal to 2.4× 10−3
T = τb−τcs
τcs
, which τb and τcs are the bed and critical Shields stress.
In addition to Smith and McLean (1977)[23], van Rijn (1984b)[21] and Garcia
and Parker (1991)[22] also proposed different formulations for the equilibrium
concentration, and all of them are implemented in EFDC sediment transport
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model.
With the turbulence model in Eq(2.10) for vertical turbulent diffusion co-
efficient, Kv, specified settling velocity, wsj, in Eq(2.20) and Eq(2.21), and
the vertical boundary condition in Eq(2.22), the suspended transport equa-
tion in Eq(2.19) can be solved by a fractional step procedure with four steps
numerically. In the following numerical equations, n and n + 1 denote the
previous and the new time level, ∗, ∗∗, and ∗ ∗ ∗ indicates the result of in-
termediate fractional step in first, second, and third step respectively, and θ
is the time step between n and n+ 1.
The first step accounts for the advection and external sink-source term in
transport equation, and the anti-diffusive MPDATA scheme by Smolarkiewicz
and Clark (1986)[24] with optional flux corrected transport by Smolarkiewicz
and Grabowski (1990)[25] is applied in the first step computation.

























The second step is the settling step solved by a fully implicit upwind differ-
ence scheme as:





The third step is for the water column-bed exchange by resuspension and









The last step is an implicit vertical turbulent diffusion step, and it can be
expressed as:










2.3.2 Bed Load Transport
The bed load transport in EFDC sediment transport model is calculated
by the Einstein number and different bed load formulations. The Einstein
number, q∗B, for the bed load transport rate formulation by Hans Albert






= Φ (θ, θcs) (2.31)
where
qB = the bed load transport rate, and the unit is mass per unit time per unit
width
Φ (θ, θcs) = the function of Shield’s parameter, θ, and critical Shield’s pa-
rameter, θcs








where τb is bed shear stress, g
′ is reduced gravitational acceleration, and u∗
is bed shear velocity.







= f (Rdj) (2.33)
where τcsj is critical shear stress and u∗csj is critical shear velocity.
By van Rijn(1984b)[21], the relationship of critical Shield’s number, θcsj,
24





































In EFDC sediment transport model, the bed load formulation for sand-bed
rivers provided by Engelund-Hansen (1967)[27] is applied, and the formula-
tion is shown as follows:










and Rhs is hydraulic radius and ks donates roughness height.
The original formulation by Engelund-Hansen (1967)[27] calculates total load
in the channel, so the modified Engelund-Hansen formulation only for bed-
load calcualtion is adopted in EFDC sediment transport model. In addition
to modified Engelund-Hansen, other bed load formulations, such as Meyer-
Peter and Muller (1948)[28], Bagnold (1956)[29], and van Rijn(1984a)[30],
suitable for different particle sizes are implemented for user choice as well.
In this study, the sediment particle size is fine and the measured settling ve-
locity is smaller than the settling velocity calculated by van Rijn (1984b)[21]
in Eq(2.20). Therefore, the bed load transport would cease and all the sedi-
ments in the channel are transported as suspended load entirely.
2.3.3 Sediment Bed Mass Conservation
In EFDC sediment transport model, the sediment bed mass conservation
is used for calculating the bed geomorphology. The model solves the mass
conservation of both sediment and water column to acquire the bed thickness
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and void ratio in the bed layer. The following formulation is the general
conservation of mass for bed sediment considering the bed sediment flux
between water column and top bed layer and armoring flux between top two






= −δ (k, kt) J iSB + αAδ (k, kt) J iPA − αAδ (k, kt − 1) J iPA (2.36)
where
i = the ith sediment size class
k = the kth sediment bed layer, and kt indicates the top layer
S = the mass concentration of per total volume of a bed layer k
B = the bed layer thickness
JSB = the net sediment mass flux from bed to water column
αA = the parameter to activate armoring
JPA = the armoring layer flux






















ε = void ratio of the bed layer









































In addition to the sediment mass conservation, the conservation of water














































Combine Eq(2.40) and Eq(2.41), the mass conservation of total bed layer can
be expressed as:
∂tBk = qw:k− − qw:k+









































































In the numerical computation of bed mass conservation, the fractional step
approach is adopted. In the two-step procedure, the first step solves the
deposition, resuspension, and armoring, and the second step solves the con-
solidation and pore water flow.
In the first step, the numerical discrete forms of Eq(2.36), and Eq(2.39) ∼
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− θδ (k, kt) J iSB + θαAδ (k, kt) J iPA













− θδ (k, kt)
J iSB
ρis
+ θαAδ (k, kt)
J iPA
ρis































































































































































According to five equations above, Eq(2.43) solves for each sediment particle
size, Eq(2.47) solves the bed thickness, and the Eq(2.45) solves the void ratio
for the new top layer respectively.
When the armoring is inactive, the deposition and resuspension is only on
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− θJ iSB (2.48)
where the resuspension flux, J iSB, is limited by the bed thickness of the top
layer, and it can be represented by







In Eq(2.49) above, the resuspension flux, JSBR is the predicted resuspension
flux, and it can be referenced to Eq(2.24).
When the armoring is active, the mass conservation at bed layer will be





















where the resuspension flux, J iSB, is the same as the definition in Eq(2.49),
and armoring flux, J iPA, can be determined by two different assumptions.
The first assumption is to require that the total mass of sediment in the
top bed layer remains constant in deposition-resuspension step, so the resus-






























The second assumption is to require that the bed thickness of the active layer
remain constant in deposition-resuspension step. The expression of Eq(2.47)
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)max (QSW , 0) + F ikt
(1 + εikt)























In the second step of the fractional step approach, the consolidation and
the pore water flow are solved. According to uncompleted numerical forms
in first step from Eq(2.43) to Eq(2.47), the completed numerical forms of














































+ θ (qw:k− − qw:k+) (2.58)
Bn+1k = B
∗
k + θ (qw:k− − qw:k+) (2.59)










(qw:k− − qw:k+) (2.60)
In EFDC sediment transport model, there are four options for simulating con-
solidation and pore water flow, including a constant porosity bed, a simple
consolidation model based on relaxation of the vertical void ratio profile to
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a specified profile, a consolidation and pore water flow based on finite strain
consolidation theory, and the consolidation of mixed cohesive and noncohe-
sive sediment bed. The pore water flow and void ratio in the bed layer would
be calculated by different assumptions based on four different options.
In this study, there is only one sediment bed layer in Bubbly Creek with
single sediment size class, so the armoring flux can be neglected in this study.
Moreover simple consolidation calculation with constant porosity is adopted
in this simulation, so the pore water flow would be the same as the ground
water flux in the bed layer. Consequently, there is no armoring flux and pore
water in this simulation, and only the resuspension flux is simulated in the
bed mass conservation model.
2.3.4 Sediment Initial Parameters
The sediment source in this study is from Bubbly Creek, including the sus-
pended sediment in CSO discharge from RAPS and the sediment resuspen-
sion from the bed.
For the sediment parameter in Bubbly Creek, the data provided by U.S. Army
Corps of Engineers (USACE) and other researches are used in this study. The
depth of the bed sediment is between 1.68m to 5.12m with averaged sediment
density as 2,100 kg/m3 (in the range of 1,370 kg/m3 2,570 kg/m3) by the
research of U.S. Army Corps of Engineers (USACE) in 2005[31]. Therefore,
the initial sediment depth and density are set as 3.4m and 2,100 kg/m3 uni-
formly in Bubbly Creek in this study, and the submerged specific gravity is
1.1 corresponding to such density. In the same research by U.S. Army Corps
of Engineers (USACE) in 2005[31], the range of the sediment particle size is
from 20µm to 258 µm, and the median particle size, D50, is around 82 µm,
which is in the class of fine sand and coarse silt size, so the single sediment
size as 82 µm is used in the sediment transport simulation. From Yin et al.
(2007)[32], the averaged porosity of the bed is 0.82, and this value is adopted
in this study. For the settling velocity, the sediment particles in Bubbly
Creek have complex shape, so the settling velocity is considered as a cali-
bration parameter instead of calculated by Stoke’s law (Chapra, 2008)[33] or
31
other refined approaches in Eq(2.20) and Eq(2.21). According to the research
of Motta et al. (2010)[7], the calibrated settling velocity of the sediment in
Bubbly Creek was 4.5 m/day (5.2 × 10−5m/s) during the storm event in
September 2006, and this value was in the same order of magnitude with
the findings of Waterman et al. (2009, 2011)[34][35] from the SOD sampler
developed by the University of Illinois at Urbana-Champaign.
In addition to the sediment parameter in Bubbly Creek, the suspended sed-
iment in CSO discharge from RAPS is one of the sediment source in this
study as well. Alp and Melching (2006)[4] proposed the regression equation
between the CSO volume and the mean concentration of suspended sediment,















According to Eq(2.61), the mean concentration of suspended sediment in
Event 2006 and Event 2008 are 604.8 mg/L and 135.16 mg/L respectively.
Notice that the concentration of suspended sediment decreases with increas-
ing CSO volume at RAPS.
2.4 Numerical Setup in Study Domain
In this study, the three-dimensional mesh composed by 5,959 structural cells
with 450 cells in I−direction and 200 cells in J−direction in the horizontal
grid in EFDC. Moreover, the Cartesian cell lengths are 10 m and 20 m in I
and J direction respectively. For the vertical grid, there are 8 layers in this
study domain, and the three-dimensional grid of this study can be visualized
in the following Figure 2.3. For the temporal parameter, the time steps are
1 second and 0.5 second in hydraulic and sediment transport simulation re-
spectively.
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Figure 2.3: The three-dimensional mesh in study domain
In this research, Chicago City Datum (CCD), which is marked at 176.63
m above the mean sea level, and Central Standard Time (CST), which is in





3.1 Hydrodynamics Simulation in September 2006
(9/11/2006 - 9/16/2006)
In Event 2006, the simulation time of hydrodynamics simulation starts from
9/11/2006 to 9/16/2006, which is 144 hours in total. The boundary condi-
tion in Event 2006 can be found in Table 2.1, which includes two discharge
and one stage time series. The time series of boundary condition in Event
2006 are plotted in Figure 3.1 ∼ Figure 3.3. In Figure 3.1, the discharge
data are the daily data from USGS record. The stage data at Stickney is not
available during September 2006, so the time series of stage at Stickney is
calculated by the daily stage data at Grand Avenue subtracting the averaged
difference between Grand Avenue and Stickney, and the resulted time series
of stage at Stickney is plotted in Figure 3.3. In Figure 3.2, the discharge
from Racine Avenue Pumping Station is the averaged flow discharge of total
pumping volume in specific time period. According to MWRD record, the
time period of pumping started from 9/13/2006 at 4:30 a.m. and lasted until
9/13/2006 at 12:10 p.m., and the total pumping volume was 1.91× 106 m3,
which corresponds to 69.43 cms as the mean flow discharge at RAPS.
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Figure 3.1: The discharge time series of Grand Avenue in Event 2006
Figure 3.2: The discharge time series of RAPS in Event 2006
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Figure 3.3: The stage time series of Stickney in Event 2006
In the hydrodynamics simulation, the steady-state initialization is run for
100 hours before running the 6-day simulation in September 2006, and the
time step ∆t is 1 second for 6-day simulation. The calibrated roughness
height is 0.02 m that the Manning’s n is equal to 0.02 by Manning-Strickler







The validation of hydrodynamics simulation for stage height at Grand Av-
enue and Columbus Drive in Event 2006 can be referred to Figure 3.4 and
Figure 3.5.
36
Figure 3.4: The calibration of stage height at Grand Avenue in Event 2006
Figure 3.5: The calibration of stage height at Columbus Drive in Event 2006
In the result of Figure 3.4 and Figure 3.5, the time series named measure-
ment are the daily data from USGS record, and the output time series named
simulation are the simulated result in the time interval of 15 minutes. From
these two figures, the differences of stage height between daily measured data
and the simulation result are less than 2 centimeters at both Grand Avenue
and Columbus Drive. Moreover, the increasing stage height due to the dis-
charge of RAPS during pumping time period is captured by the simulation.
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In addition to the validation of stage height, the output discharge time series
at Stickney, Grand Avenue, and RAPS can be plotted in Figure 3.6, in which
the output of simulation time series are in the time interval of 15 minutes.
According to the result in Figure 3.6, the discharge at Stickney is given by
the sum of discharges at Grand Avenue and discharge at RAPS. Therefore,
it means that all the CSO released from Racine Avenue Pumping Station
flowed into Mississippi Watershed instead of Lake Michigan, and there is
no flow reversal in Event 2006. Besides, the oscillation has been found in
the results of the discharge at Stickney and stage at other locations after
the pumping of RAPS, because the daily boundary condtions at Stickney
and Grand Ave fix the stage and discharge at daliy-averaged level without
capturing the sudden increment by RAPS pumping.
Figure 3.6: The output discharge time series in Event 2006
The following two figures (Figure 3.7 and Figure 3.8) are the three-dimensional
and depth-averaged two-dimensional plots for Event 2006 before and when
the storm occurs. In Figure 3.7, the flows in Bubbly Creek and Chicago River
Main Stem are stagnant due to no CSO released from RAPS and other CSO
outfalls. Moreover, the flow direction in Chicago Sanitary and Ship Canal
(CSSC) is westward to Mississippi Watershed before the storm occurs due
to no gate operation. When the storm occurs and CSO is released by RAPS
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to Bubbly Creek, the velocity magnitude increases in the channel and the
water from Bubbly Creek flows towards Illinois River as the streamlines in
Figure 3.8 shows in Event 2006.
The hydrodynamics simulation in Event 2006 shows that there is no flow
reversal, and the stage and flow discharge are stable most of time due to
the discharge from Grand Avenue is stable. Only when the CSO is pumped
from RAPS to the system, the flow velocity magnitude in Bubbly Creek and
the stage in the system would increase. By integrating the flow discharge at
Stickney in Figure 3.6, the total volume of water flowing into Illinois River
is about 3.31× 103 million gallons in Event 2006.
Figure 3.7: The 3D and depth-averaged 2D plots before storm occurs at
12:00 9/12/2006 (36 hours)
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Figure 3.8: The 3D and depth-averaged 2D plots when storm occurs at 9:00
9/13/2006 (57 hours)
3.2 Hydrodynamics Simulation in September 2008
(9/10/2008 - 9/18/2008)
In the simulation of Event 2008, the hydrodynamics simulation time starts
from 9/10/2008 to 9/18/2008, which is 216 hours in total. For Event 2008,
the boundary condition can be found in Table 2.2, which not only includes
the time series at Stickney, Grand Avenue, and RAPS, but also there are
42 time series of CSO outfalls during extreme storm event and the rating
curve of gate operation at CRCW. The time series of stage height at Stick-
ney and discharge at Grand Avenue and RAPS are plotted from Figure 3.9
to Figure 3.11. In Figure 3.9, the discharge data at Grand Avenue is the 5-
minutes time series from MWRD record. The stage height data at Stickney
in Figure 3.11 is the 5-minutes time series from USGS record. The same as
Event 2006, the CSO discharge at RAPS in Figure 3.10 is the averaged flow
discharge of the total pumping volume in specific time period. According
to MWRD record, the pumping at RAPS started from 9/13/2008 at 4:40
a.m. to 9/15/2008 9:20 a.m., and the total pumping volume was 1.52× 107
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m3, which is corresponding to 80.22 cms as the mean flow discharge at RAPS.
Figure 3.9: The discharge time series of Grand Avenue in Event 2008
Figure 3.10: The discharge time series of RAPS in Event 2008
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Figure 3.11: The stage time series of Stickney in Event 2008
The Event 2008 was the 100-year storm event in Chicago area, and there
were several CSOs from outfalls flowing into the system during the storm
event. In this study domain, there are 42 time series of CSO outfalls sim-
ulated by CS-TARP developed by University of Illinois, and the discharge
time series of 42 CSO outfalls are plotted in Figure 3.12, in which the loca-
tion of CSO outfalls can be referred to Figure 2.1.
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Figure 3.12: The CSO discharge time series from 42 CSO outfalls in Event
2008
In addition to the CSO released from several outfalls in the domain,
Chicago River Controlling Work (CRCW) was opened to let water in the
system flow eastward to Lake Michigan during the extreme storm event in
September 2008. The record of gate operation at CRCW is plotted in Fig-
ure 3.13, and the discharge of each gate can be calculated by Eq(2.18) with
the coefficient in Table 2.3 and the stage height at Lake Michigan in Fig-
ure 3.14.
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Figure 3.13: Gate operation at CRCW in Event 2008
Figure 3.14: The stage time series of Lake Michigan in Event 2008
In the hydrodynamics simulation of Event 2008, the steady-state initial-
ization is run for 100 hours before running the 9-day simulation in September
2008, and the time step ∆t is 1 second for 9-day simulation. The calibrated
roughness height is 0.0013 m that the Manning’s n is equal to 0.013 by
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Manning-Strickler form according to Eq(3.1).
The validation of hydrodynamics simulation for stage height can be found
from Figure 3.15 to Figure 3.17, in which the measured data are provided by
USGS record at Grand Avenue, Stickney, and Chicago Lock in river section.
Figure 3.15: The calibration of stage height at Grand Avenue in Event 2008
Figure 3.16: The calibration of stage height at Columbus Drive in Event
2008
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Figure 3.17: The calibration of stage height at CRCW in Event 2008
From Figure 3.15 to Figure 3.17, the time intervals of simulation output
are all in 15 minutes, the results capture two peaks in the measurement,
and the differences between the simulation and measurement are less than
2 centimeters in both river and lake front. As a result, the hydrodynamics
simulation in Event 2008 is validated and it can be applied to the analysis
of sediment transport during the extreme storm event.
In addition to the stage height, the flow reversal towards Lake Michigan
can be found in the discharge output in Figure 3.18 and Figure 3.19. In
Figure 3.18, it shows the discharge time series of three sections in Chicago
Sanitary and Ship Canal (CSSC), including Stickney and two sections right in
the upstream and downstream of the confluence of Chicago Sanitary and Ship
Canal (CSSC) and Bubbly Creek. The positive discharge indicates that the
flow direction goes westward to Mississippi Watershed; instead, the negative
discharge indicates that the flow direction goes eastward to Lake Michigan.
According to Figure 3.18, the water in Chicago Sanitary and Ship Canal is
used to flow into Mississippi Watershed most of time. However, the flow
reversal occurs at 9/14/2008, which is corresponding to the period of gate
opening at CRCW. Also, Figure 3.18 shows that the discharge at Stickney is
closed to zeros during flow reversal. This result indicates that the water at
Stickney is stagnant, so the water upstream of Stickney would flow into Lake
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Michigan and the water downstream of Stickney would flow into Illinois River
during the flow reversal in Event 2008. Furthermore, when the flow reversal
occurs,the absolute discharge value in the section right upstream of the con-
fluence of CSSC and Bubbly Creek is larger than the absolute discharge value
in the section right downstream of the confluence of CSSC and Bubbly Creek
and the difference between two sections is closed to the discharge of RAPS.
It reflects that the CSO from RAPS and Bubbly Creek all flows eastward to
Lake Michigan instead of towards Illinois River during that period. Last but
not least, the value of discharge positive in the downstream of confluence of
CSSC and Bubbly Creek and negative in the upstream of confluence of CSSC
and Bubbly Creek during the transition of flow reversal, and it means that
the flow from Bubbly Creek would split into two flow directions toward both
Lake Michigan and Mississippi Watershed in the transition of flow reversal.
The process of flow reversal in Event 2008 acts as : normal flow direction
(water in the system flows into Mississippi Watershed)→ transition (the flow
split into two directions) → flow reversal (water in the upstream of Stickney
flows into Lake Michigan) → transition → normal flow direction.
Figure 3.18: Flow discharge at Chicago Sanitary and Ship Canal in Event
2008
In Figure 3.19, it shows the flow discharge from the system to Lake Michi-
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gan at Chicago River Controlling Work (CRCW). During the gate opening,
most of flow direction flows from CAWS to Lake Michigan, but some water
flows from Lake Michigan to CAWS becasue the gates were open prior to
the storm and the water level in CAWS is lower than lake before the storm
comes. The stage difference between river part and lake part at CRCW is
plotted in Figure 3.20, in which the water flows from river to lake when the
stage in the river is higher; instead, the water flows from lake to river when
the stage in the river is lower during the gate opening.
Figure 3.19: Flow discharge of each gate at CRCW in Event 2008
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Figure 3.20: The stage difference between river and lake at CRCW in Event
2008
In Table 3.1, it shows the volume of water flowing into Mississippi Wa-
tershed and Lake Michigan in Event 2008 by integrating the flow discharge
in Figure 3.18 and Figure 3.19. The result indicates that the ratio of the
volume of water flowing into Mississippi Watershed to the volume of wa-
ter flowing into Lake Michigan is 3.63, and the volume of water flowing
into Lake Michigan in Event 2008 is more than the volume of water flowing
into Mississippi Watershed in Event 2006, which is only 3.31 × 103 million
gallons. According to the GLMRIS Report from USACE in 2014[1], the his-
torical record of backflow at CRCW was 5438 million gallons in the period
of 9/13/2008∼9/16/2008, but the flow reversal volume is only 4048 million
gallons in Table 3.1. The difference between the recorded and the simulated
result shows that some amount of water flow into Lake Michigan is missing
in this event.
Table 3.1: The total volume of water flowing into Mississippi Watershed
and Lake Michigan in Event 2008
Flow Direction Mississippi Watershed Lake Michigan
Volume (Million Gallon) 1.47× 104 4.05× 103
The following three figures (Figure 3.21 to Figure 3.23) are the three-
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dimensional and depth-averaged two-dimensional plots for Event 2008 before
and when the storm occurs. Figure 3.21 is the velocity magnitude of the sys-
tem before storm occurs, so the velocity is low at that time. Moreover, the
flows in Bubbly Creek and Chicago River Main Stem are stagnant due to
no gate operation and CSO discharge, so the flow direction is from Grand
Avenue westward to Stickney before the storm occurs. For Figure 3.22 and
Figure 3.23, both of them have the CSO from RAPS and the gate opening at
CRCW, so the flow in Bubbly Creek and Chicago River Main Stem are not
stagnant and the velocity magnitudes are higher than the one before storm
occurs. However, the flow reversal in CSSC can only be observed in Fig-
ure 3.23 due to the opening of Lock at CRCW. At that time, large amount
of water including the CSO from Bubbly Creek flows eastward to Lake Michi-
gan through Chicago Lock and the water in Chicago Sanitary and Ship Canal
change the flow direction toward Lake Michigan as Figure 3.23 shows.
The hydrodynamics simulation in Event 2008 shows that there are two peaks
in the system during the storm event. For the first peak, most of water flows
towards Illinois River and only some water flows through South Gates to
Lake Michigan. However, Chicago Lock was opened during the second peak
and flow reversal occurs in Chicago Sanitary and Ship Canal at that time.
During that period, all CSOs pumped by RAPS and released from other
outfalls flow into Lake Michigan. In the following chapter, the transport of
suspended sediment from CSO and sediment resuspension from the bed of
Bubbly Creek will be discussed during the flow reversal in the system while
gates were opened.
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Figure 3.21: The 3D and depth-averaged 2D plots before storm occurs at
12:00 9/11/2008 (36 hours)
Figure 3.22: The 3D and depth-averaged 2D plots when storm occurs
(without flow reversal in CSSC) at 10:00 9/13/2008 (82 hours)
51
Figure 3.23: The 3D and depth-averaged 2D plots when storm occurs (with




The simulation time of sediment transport starts from 48 hours after the
starting time of hydrodynamics simulation, and the sediment parameters
have already been stated in Chapter 2.3.4, which can be referenced in the
following Table 4.1.
Table 4.1: The sediment parameters in Event 2006 and 2008
Depth of bed sediment (Bubbly Creek) 3.4 m
Depth of bed sediment (CSSC and Main Stem) 0.1 m
Sediment density 2100 kg/m3
Median particle size (D50) 82 µm
Bed porosity 0.82
Particle settling velocity 5.2× 10−5m/s
4.1 Sediment Transport Simulation in September 2006
(9/13/2006 - 9/16/2006)
For sediment transport simulation in Event 2006, the time step is 0.5 second
and the suspended sediment concentration of CSO is 604.6 mg/L from RAPS
according to the total volume pumped from RAPS to Bubbly Creek and the
formulation proposed by Alp and Melching (2006)[4]. In this simulation, the
sediment diameter is much smaller than 130 µm and the settling velocity is
much lower than the critical shear velocity, so it only accounts for suspended
sediment transport and no bedload in sediment transport calculation.
According to Motta et al. (2010)[7], they simulated the same event from
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9/13/2006 to 9/16/2006 by STREMR-HySedWq, which is the 2D depth-
averaged model originally developed by Bernard (1993)[37] and extended by
Abad et al. (2008)[38] and Motta et al (2010)[7]. In the paper of Motta et
al. (2010)[7], the velocity magnitude and shear velocity in the hydrodynam-
ics simulation, and the sediment concentration and bed erosion in sediment
transport simulation in Bubbly Creek during September 2006 are presented
in figures and these results are used to be compared with the results by 3D
EFDC simulation in Figure 4.1 and Figure 4.2.
In Figure 4.1, it shows the distributions of velocity magnitude and shear
velocity in Bubbly Creek when the discharge of RAPS is 69.43 cms at 9:00
a.m. 9/13/2006. In Figure 4.2, it shows the distribution of sediment concen-
tration in Bubbly Creek after the pumping of RAPS at 12:15 p.m. 9/13/2006.
According to the result of sediment concentration in EFDC and STREMR-
HySedWq, the sediment concentration in Bubbly Creek is increasing from
1000 mg/L in the end of channel to 7000 mg/L in the confluence of Bubbly
Creek and Chicago Sanitary and Ship Canal, and most of sediment in water
column is from bed sediment resuspension. In addition to sediment concen-
tration in Bubbly Creek, the bed sediment depth in Chicago Sanitary and
Ship Canal is much smaller than the bed sediment depth in Bubbly Creek
and the water column in Chicago Sanitary and Ship Canal is deeper than
the water column in Bubbly Creek, so the sediment concentration decreases
in Chicago Sanitary and Ship Canal. Also, the sediment is transported to
downstream to Mississippi watershed due to no flow reversal in this event,
and some sediment transported to right upstream of the confluence is due to
the diffusion effect of sediment in this simulation.
Due to no extra sediment data from the measurement is available to validate
the sediment simulation in EFDC, the result from Motta et al. (2010)[7]
in Figure 4.1 and Figure 4.2 can be used to validate the result from EFDC
simulation, and the validated model can be applied to simulate and analyze
the sediment transport with and without flow reversal condition in Event
2006 and Event 2008 respectively.
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Figure 4.1: The comparison of velocity magnitude and shear velocity in
EFDC simulation and STREMR-HySedWq by Motta et al. (2010)[7] [With
permission from ASCE] at 9:00 9/13/2006 (57 hours)
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Figure 4.2: The comparison of sediment concentration in EFDC simulation
and STREMR-HySedWq by Motta et al. (2010)[7] [With permission from
ASCE] at 12:15 9/13/2006 (60.25 hours)
The suspended sediment concentration profiles of different locations in
Chicago Sanitary and Ship Canal and Chicago River Main Stem are plotted
in Figure 4.3. In Figure 4.3, the upper figure is the sediment concentration
at several locations in Chicago Sanitary and Ship Canal, and this figure indi-
cates that most of sediment in water column is from bed resuspension because
the sediment concentration from CSO at RAPS is much lower than the con-
centration at Turning Basin, which is located at the confluence of Chicago
Sanitary and Ship Canal and Bubbly Creek. Moreover, all the sediments are
transported downstream to Mississippi Watershed through Chicago Sanitary
and Ship Canal because the advection-diffusion effect of sediment concentra-
tion can be found at some locations in the downstream of the confluence of
Chicago Sanitary and Ship Canal and Bubbly Creek such as Bubbly Down-
stream, which is located right in the downstream of confluence of CSSC and
Bubbly Creek, and Stickney, but the sediment concentration is zero in the
upstream of the confluence of Chicago Sanitary and Ship Canal and Bubbly
Creek, including Bubbly Upstream, which is located right upstream of the
confluence between CSSC and Bubbly Creek, and Chicago River Main Stem
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in the lower figure.
Figure 4.3: The time series of sediment concentration of system in Event
2006
In this simulation, the total suspended sediment mass transported through
different sections can be calculated by the suspended sediment discharge, and
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the result is listed in Table 4.2.
Table 4.2: The total mass of suspended sediment transport in Event 2006
Location RAPS Turning Basin Stickney Lock Grand Ave
Mass (kg) 1.36× 106 1.72× 107 3.71× 106 0 0
Percentage (%) 7.9 100 21.6 0 0
According to Table 4.2, there is no sediment transported through Grand
Avenue and Chicago Lock, and lots of sediment are resuspended in Bubbly
Creek and deposited from downstream of Bubbly Creek up to Stickney in
Chicago Sanitary and Ship Canal. The total bed erosion and deposition of
Event 2006 can be found in Figure 4.4.
Figure 4.4: The total bed erosion and deposition in the end of sediment
transport simulation in Event 2006
In Figure 4.4, the bed erosion in Bubbly Creek is from 0.2 m to 0.91 m and
the average erosion is 0.41 m, which is closed to the bed erosion value in the
paper of Motta et al. (2010). Moreover, the bed elevation does not change
in the upstream of the confluence but there is some deposition downstream
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of the confluence.
The following two figures, Figure 4.5 and Figure 4.6, are additional depth-
averaged 2D and 3D plot of sediment concentration in different elapsed time
of EFDC sediment transport simulation. In Figure 4.5, it shows 3D sediment
concentration in whole study domain and depth-averaged 2D plot in Bubbly
Creek and Chicago River Main Stem during the pumping discharge of 69.43
m3/s from RAPS. In Figure 4.6, a comparison of the results with two differ-
ent elapsed times is presented, to show the sediment concentration after the
storm and at the end of the simulation.
Figure 4.5: The 3D and depth-averaged 2D plots of sediment concentration
at 9:00 9/13/2006 (57 hours)
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Figure 4.6: Comparison of sediment concentration at 2:00 9/14/2006 (74
hours) and 24:00 9/16/2006 (144 hours)
4.2 Sediment Transport Simulation in September 2008
(9/12/2008 - 9/18/2008)
For sediment transport simulation in Event 2008, the setup of sediment pa-
rameter is the same as Event 2006, and time step is 0.5 second, but the only
change in the simulation of Event 2008 is the suspended sediment concen-
tration in the CSO from RAPS, which is 135.16 mg/L in this simulation
according to the total volume pumped from RAPS to Bubbly Creek and the
formulation proposed by Alp and Melching (2006)[4]. The same as Event
2006, the given settling velocity is much lower than the critical shear ve-
locity calculated by van Rijn(1984b)[21], so it only accounts for suspended
sediment transport and no bedload transport in this simulation.
In this simulation, the sediment concentration profiles of different locations
are plotted in Figure 4.7, in which the upper figure shows the profiles located
in Chicago Sanitary and Ship Canal and the lower figure shows the profiles
located in Chicago River Main Stem respectively. According to Figure 4.7,
the sediment concentration is increasing from RAPS to Turning Basin due
to resuspension from bed and the sediment concentration is decreasing from
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Turning Basin to Stickney due to sediment deposition and the deeper wa-
ter depth in Chicago Sanitary and Ship Canal. Furthermore, the sediment
concentration at some locations upstream of the confluence of Bubbly Creek
and Chicago Sanitary, such as Bubbly Upstream, Wolf Point, and Lock, are
not equal to zero due to flow reversal in Event 2008. According to the result
of hydrodynamics simulation in Event 2008, the flow reversal started from
106 hours to 116 hours in Chicago Sanitary and Ship Canal, and the flow
from Bubbly Creek would flow toward Lake Michigan in that period, so the
sediment from Bubbly Creek would be transported toward Lake Michigan.
In the upper figure of Figure 4.7, the sediment concentration at Bubbly Up-
stream has different trend of profile with other locations in the downstream
of confluence due to the flow reversal. This phenomenon reflects that the
sediment from Bubbly Creek is sensitive to flow direction and the timing
of the peak in sediment concentration is determined by the timing of flow
reversal instead of the peak in hydrodynamics simulation. When the flow
direction is toward Mississippi Watershed, the sediment concentration in the
downstream of the confluence becomes higher; instead, the sediment concen-
tration in the upstream of the confluence reaches the peak during the period
of flow reversal.
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Figure 4.7: The time series of sediment concentration of system in Event
2008
In Event 2008, the total sediment mass transported through different sec-
tions can be calculated by suspended sediment discharge, and the result is
listed in Table 4.3.
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Table 4.3: The total mass of suspended sediment transport in Event 2008
Location RAPS Turning Basin Stickney Lock Grand Ave
Mass (kg) 2.41× 106 2.62× 107 2.42× 107 2.24× 105 0
Percentage (%) 9.2 100 92.6 0.85 0
According to Table 4.3, the total mass of sediment transport in Event 2008
is higher than Event 2006 due to longer pumping duration and larger volume
of CSO from RAPS in Event 2008, although the sediment concentration is
lower in Event 2008 than Event 2006 due to lower shear velocity in Bubbly
Creek during pumping period. Moreover, the sediment deposition in Event
2008 is less than Event 2006 because the total sediment mass at Stickney is
only 1
5
of the total sediment mass at Turning Basin in Event 2006, but the
ratio of total sediment mass at Stickney to total sediment mass at Turning
Basin is more than 90% in Event 2008. Last but not least, the total sediment
mass transported through Chicago Lock to Lake Michigan is only 0.85%
of total sediment from Bubbly Creek, but it is still an obvious amount of
sediment transported into Lake Michigan. In addition to the total mass of
sediment transport, the total bed erosion and deposition of Event 2008 is
shown in Figure 4.8.
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Figure 4.8: The total bed erosion and deposition in the end of sediment
transport simulation in Event 2008
In Figure 4.8, the bed erosion is more obvious in Event 2008 than Event
2006. In Bubbly Creek, the maximum erosion is 1.7 m and the average ero-
sion is 0.63 m, which is deeper than the erosion in Event 2006 due to the flow
discharge is higher. Moreover, both bed erosion and deposition can be found
in Chicago Sanitary and Ship Canal because the flow discharge is higher in
Event 2008 to resuspend and transport sediment, and bed erosion in Main
Stem of Chicago River can be found due to the flow reversal.
Figure 4.9 to Figure 4.11 show the sediment concentration in 3D and depth-
averaged 2D plot from the result of EFDC simulation at different elapsed
time. In Figure 4.9, it is the sediment concentration in the study domain
without flow reversal, so the sediment would be transported to Chicago Sani-
tary and Ship Canal (CSSC). In Figure 4.10, it is the sediment concentration
in study domain with flow reversal. However, the flow reversal at this elapsed
time start from the confluence of Bubbly Creek and CSSC instead of Stick-
ney, so sediment from Bubbly Creek would be transported to both CSSC and
Lake Michigan. Figure 4.11 shows the comparison of sediment concentration
after the storm and in the end of the simulation.
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Figure 4.9: The 3D and depth-averaged 2D plots of sediment concentration
at 10:00 9/13/2008 (82 hours)
Figure 4.10: The 3D and depth-averaged 2D plots of sediment
concentration at 19:00 9/14/2008 (115 hours)
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Figure 4.11: The comparison of sediment concentration at 00:00 9/16/2008
(144 hours) and 24:00 9/18/2008 (216 hours)
4.3 Sensitivity Analysis of Sediment Settling Velocity
in September 2008 (9/12/2008 - 9/18/2008)
The sediment parameters of sediment transport simulation in September 2008
are the same as the parameters in September 2006. Among these parame-
ters, the settling velocity in sediment transport simulation is referred to the
calibrated particle settling velocity in the paper of Motta et al. (2010)[7].
Although the calibrated settling velocity is in the same order as the findings
of Waterman et al. (2009, 2011)[34][35] from the SOD sampler developed
by University of Illinois at Urbana-Champaign, the calibrated value, which
is equal to 4.5 m/day, is three times higher than the value observed by Wa-
terman et al. (2009, 2011)[34][35], which is equal to 1.3 m/day. According
to suspended sediment calculation in EFDC, the decreasing settling veloc-
ity would result in less sediment entrainment and less sediment deposition.
Therefore, the influence of sediment transport with smaller settling velocity
in September 2008 will be analyzed in this section.
In this section, the sediment settling velocity is replaced with 1.3 m/day,
which is equal to 1.5 × 10−5 m/s, and the sediment concentration profile,
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total mass transported through each section, and bed erosion are shown in
the following figures and table.
In Figure 4.12, it shows the result of sediment concentration at different
locations in Chicago Sanitary and Ship Canal and Chicago River Main Stem
with settling velocity = 1.5×10−5 m/s instead of 5.2×10−5 m/s. According
to Eq(2.24), sediment bed flux Jo relates to sediment settling velocity ws, so
the sediment entrainment decreases when settling velocity become smaller.
The upper figure in Figure 4.12 shows the sediment concentration at Turning
Basin with settling velocity = 1.5 × 10−5 m/s is only 1
3
of the result with
settling velocity = 5.2× 10−5 m/s, but the sediment concentration at Stick-
ney with settling velocity = 1.5 × 10−5 m/s is higher than 1
3
of the result
with settling velocity = 5.2 × 10−5 m/s. It reflects that decreasing settling
velocity would decrease the sediment deposition due to less settling flux and
easier to be suspended in water column, so the suspended sediment would
become more difficult to deposit in the channel. Moreover, three peaks of
sediment concentration are decreasing gradually at Turning Basin when the
settling velocity is 5.2×10−5 m/s, but three peaks of sediment concentration
are constant at Turning Basin when the settling velocity is 1.5×10−5 m/s. It
also indicates that sediment in the water column keeps being suspended and
the process of resuspension and deposition is not obvious when the settling
velocity becomes less. Similarly, the lower figure in Figure 4.12 shows that
the sediment concentration at Lock with settling velocity = 1.5× 10−5 m/s
is higher than 1
3
of the result with settling velocity = 5.2× 10−5 m/s, and it
means that the sediment would be suspended in the water column with less
deposition compared with the case with settling velocity = 5.2× 10−5 m/s.
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Figure 4.12: The time series of sediment concentration of system with
settling velocity = 1.5× 10−5 m/s in Event 2008
Table 4.4 shows the total mass of sediment transported through different
sections in Event 2008 when settling velocity is 1.5 × 10−5 m/s. Compared
with Table 4.3, the amount of mass becomes less when settling velocity de-
creases to 1.5× 10−5 m/s. Moreover, the percentage of total sediment mass
at RAPS is increasing from 9.2% to 18%, and it means that the suspended
68
sediment in CSO from RAPS becomes more obvious and the amount of sed-
iment resuspended from bed becomes less than the case with higher settling
velocity. The reason is that the resuspension flux and sediment concentra-
tion become lower with decreasing settling velocity, so the percentage of
suspended sediment in the CSO from RAPS becomes higher. The percent-
age of total mass at Stickney and Lock also increases from 92.6% to 99% and
from 0.85% to 0.89%, and the increasing percentage at Stickney and Lock
indicates that most of sediments from Bubbly Creek flow to CSSC and Lake
Michigan without deposition when the settling velocity become smaller in
Event 2008. The deposition and erosion of the bed with settling velocity =
1.5× 10−5 m/s in Event 2008 can be referred to the following Figure 4.13.
Table 4.4: The total mass of suspended sediment transport with settling
velocity = 1.5× 10−5 m/s in Event 2008
Location RAPS Turning Basin Stickney Lock Grand Ave
Mass (kg) 2.17× 106 1.2× 107 1.19× 107 1.07× 105 0
Percentage (%) 18 100 99 0.89 0
Figure 4.13 is the total bed erosion and deposition in the end of sediment
transport simulation with settling velocity = 1.5× 10−5 m/s in Event 2008.
According to the result of Figure 4.13, the erosion of the bed is thinner than
the same event with higher settling velocity. Moreover, there is no sediment
deposit in channel in this case. Compared with the case with settling veloc-
ity = 5.2× 10−5 m/s, the bed morphology does not change a lot in Chicago
Sanitary and Ship Canal, Chicago River, and Bubbly Creek when settling
velocity is equal to 1.5× 10−5 m/s in Event 2008.
In addition to bed erosion in Figure 4.13, Figure 4.14 and Figure 4.15 show
the 2D depth-averaged an 3D plots of sediment concentration at different
elapsed time. Compared with the plots at the same elapsed time in Fig-
ure 4.9 and Figure 4.10, the sediment concentration in the system becomes
less, and the component of suspended sediment in CSO from RAPS becomes
more obvious in this case with lower settling velocity.
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Figure 4.13: The total bed erosion and deposition in the end of sediment
transport simulation with settling velocity = 1.5× 10−5 m/s in Event 2008
Figure 4.14: The 3D and depth-averaged 2D plots of sediment concentration
at 10:00 9/13/2008 (82 hours) with settling velocity = 1.5× 10−5 m/s
70
Figure 4.15: The 3D and depth-averaged 2D plots of sediment concentration




In this study, two storm events with and without flow reversal, including
Event 2006 and Event 2008, are simulated for hydrodynamics and sediment
transport with the three-dimensional Environmental Fluid Dynamics Code
(EFDC). Event 2006 is a storm event without gate operation and CSO
released from CSO outfalls, so all of the CSO discharge from Racine Av-
enue Pumping Station (RAPS) flows into Chicago Sanitary and Ship Canal
(CSSC) according to the result in Chapter 3.1. Event 2008 is an extreme
storm event with gate operation and lots of CSO released from CSO outfalls
in the system, so the reversed flow would flow backward to Lake Michigan
and the CSO discharge from RAPS would flow into both CSSC and Lake
Michigan, in which the ratio of water volume flowing into CSSC to water
volume flowing into Lake Michigan is 3.63 in Event 2008 according to the
result in Chapter 3.2.
In the hydrodynamics simulation, the discharge and stage measured data
from United States Geological Survey (USGS) and Metropolitan Water Recla-
mation District of Greater Chicago (MWRDGC) can be used to validate the
hydrodynamics model. However, there is no sediment field data in the study
domain. Instead, the paper by Motta et al. (2010)[7], which has similar study
domain and simulation time in September 2006, is used to compare with the
result of sediment transport simulation in Event 2006, and the result of the
simulation by STREMR-HySedWq and EFDC is elaborated in Chapter 4.1.
In this study, the sediment transport under the condition of flow reversal is
simulated, and the influence of flow direction and settling velocity on sedi-
ment transport in Chicago Area Waterway System (CAWS) are analyzed in
Chapter 4.2 and Chapter 4.3 respectively. Consequently, two storm events
with and without flow reversal and two different sediment settling velocities
are discussed in this research.
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According to the result in Chapter 4.1 and Chapter 4.2, the amount of sedi-
ment resuspended from the bed of Bubbly Creek is larger than the suspended
sediment in CSO from RAPS. As the result of concentration profiles and 3D
or depth-averaged 2D plots in Chapter 4.1 and Chapter 4.2, the sediment
concentration at the confluence of Bubbly Creek and Chicago Sanitary and
Ship Canal is ten times higher than the sediment concentration in CSO from
RAPS. Moreover, the bed morphology changes obviously in Bubbly Creek
that the bed sediment is scoured 0.4 m and 0.6 m on average in Event 2006
and Event 2008 respectively. Therefore, the sediment resuspension from bed
dominates the suspended sediment concentration in the system, and the sus-
pended sediment from Bubbly Creek is mainly transported to either towards
Lockport along the Chicago Sanitary and Ship Canal or towards Lake Michi-
gan based on the flow direction in the South Branch of the Chicago River
(SBCR).
In the sediment transport simulation, the sediment from Bubbly Creek is
sensitive to the flow direction in the system. When there is no reversed flow,
all sediments from Bubbly Creek flow into south portion of CSSC or deposit
in the downstream of the confluence of Bubbly Creek and Chicago Sanitary
and Ship Canal as the result in Section 4.1 shows. However, the sediment
would be transported to Chicago River Main Stem and flow into Lake Michi-
gan when flow reversal occurs in Chicago Sanitary and Ship Canal. According
to the profiles of sediment concentration in different locations in Section 4.2,
the peak of sediment concentration in the upstream of the confluence of Bub-
bly Creek and Chicago Sanitary and Ship Canal becomes highest only when
flow reversal occurs, and the sediment concentration in the downstream of
the confluence of Bubbly Creek and Chicago Sanitary and Ship Canal drops
during the period of flow reversal. Moreover, the sediment deposition and
erosion in Chicago Sanitary and Ship Canal can also reflect the influence of
reversed flow on the system. In Event 2006, the bed morphology in the up-
stream of the confluence dose not change due to no reversed flow, but the bed
in Chicago River Main Stem is scoured by the reversed flow in Event 2008.
As a result, the amount of sediment resuspension and direction of suspended
sediment transport are determined by the CSO discharge from RAPS and
the flow direction in the system.
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Although the sediment is sensitive to the flow direction, the ratio of sedi-
ment transported into Lake Michigan to sediment transported towards the
Mississippi Watershed is much lower than the ratio of water flowing into
Lake Michigan to water flowing into Mississippi Watershed according to the
result in hydrodynamics simulation (Chapter 3.2) and sediment transport
simulation (Chapter 4.2) in Event 2008. In Chapter 3.2 and Chapter 4.2, the
ratio of water flowing into Lake Michigan to water flowing into Mississippi
Watershed is 0.28, but the ratio of sediment transported into Lake Michi-
gan to sediment transported into Mississippi Watershed is only 9.3 × 10−3
due to the time lag between the timing of gate opening and arrival time of
suspended sediment from Bubbly. As the result in Chapter 4.2 shows, the
peak of the sediment concentration at Chicago Lock does not correspond to
the peak of discharge of the gate simultaneously because the gates are al-
most closed when sediment is transported in the direction of Chicago Lock.
Consequently, some sediments transported to Chicago Lock would not flow
into Lake Michigan; instead, they would be transported backward to Chicago
Sanitary and Ship Canal again or suspended in the water column for a while
and then deposit by the Chicago Lock after the storm.
In addition to single set of parameters validated by the paper of Motta et
al (2010)[7] in Event 2006, the smaller settling velocity from the finding of
Waterman et al. (2009, 2011)[34][35] is adopted in Event 2008 to analyze the
sediment transport with smaller settling velocity under the condition of flow
reversal. According to the result in Chapter 4.3, the sediment resuspension
from the bed is decreasing when the settling velocity becomes smaller, so the
sediment concentration in the system and bed erosion in Bubbly Creek are
less than the case with higher settling velocity in Chapter 4.2. Moreover, the
sediment becomes easier to be suspended in water column compared with
the case with higher settling velocity, so there is no sediment deposition in
Chicago Sanitary and Ship Canal and all sediments would be transported
to either Mississippi Watershed or Lake Michigan as the result in Chapter
4.3 shows. Therefore, the decrease in sediment settling velocity not only de-
creases the sediment resuspension from bed, but also decreases the sediment





In this study, the hydrodynamics and sediment transport simulation with
and without flow reversal and two different settling velocities are analyzed
in Chicago Area Waterway System. Due to the nature of the sediment from
Bubbly Creek, which is fine and the settling velocity is small, this sediment
can be resuspended from the bed and transported in the channel easily in
CAWS. The suspended sediment, which is difficult to settle down and sen-
sitive to the flow direction, would generate some issues on water quality in
CAWS and Lake Michigan. As the result in Chapter 4.1 and Chapter 4.2,
the sediment concentration in Event 2006 is much higher than Event 2008
due to shallower water depth and higher shear velocity in Bubbly Creek, al-
though the total sediment mass and bed erosion in Event 2006 is still less than
Event 2008 because of less CSO volume and shorter pumping duration from
RAPS. In these two cases, the smaller storm (Event 2006) without flow rever-
sal would have more serious environmental impact on Bubbly Creek due to
higher shear velocity and sediment concentration during RAPS pumping, but
larger storm (Event 2008) would have broader impact on whole system and
Lake Michigan due to enhanced transport by reversed flow. Consequently,
the gate operation and the stage in the system would not only determine the
flow direction during storm, but potential problems such as sediment trans-
port and water quality would also be influenced under the condition of flow
reversal in Chicago Area Waterway System.
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